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Abstract 

We present a kinetic investigation of Ba[6sSd(3Dj) ], !. 151 eV above the 6s2(ISo) ground state in the presence of krypton gas following 
pulsed dye-laser excitation of atomic barium vapour at elevated temperatures at A = 553.5 nm { Ba [ 6s6p( ~ P~ ) ] ~- Ba [ 6s 2 ( l So) ] }. The 3D.~ 
state is neither directly accessible by laser excitation nor is it possible to monitor this state by emission at A= 1106.9 nm 
{ Ba[ 6s5d(3D~ ) ] --* Ba [ 6S2( IS o) ] }. Thus, in the "long time-domain', Ba(3Dj) has been monitored by the spectroscopic marker transitions at 
A = 791.1 nm { Ba[6s6p(3PI ) ] ~ Ba[6s2(ISo) ] } and A = 553.5 nm { Ba[6s6p( ~P~ ) ] ~ Ba[ 6s2(ISo) ] }, the former from collisional excitation 
with the buffer gas and atomic barium in its electronic ground state and the latter from energy pooling accompanying Ba(3Dj) + Ba(3Dj) 
self-annihilation. Measurement of the first-order rate coefficients for the exponential decay of these two emitting states were characterised 
and where the decay coefficients for the profiles at A = 791.1 and 553.5 nm were found to be in the ratio 1:2, respectively, in this long-time 
regime on the basis of collisional excitation and energy pooling of Ba(3D~). The variation of the integrated atomic emission intensities, 
coupled with optical sensitivity calibrations, are presented for the range of densities of Kr employed These rate measurements are used to 
describe quantitatively the co!lisional and diffusional processes undergone by Ba(3Dj) with both Kr and with ground state Ba. © 1997 Elsevier 
Science S.A. All rights reserved. 
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1. Introduction 

The low lying states of the electronically excited alkaline 
earth atoms Mg, Ca and Sr have been the object of extensive 
investigation by both molecular beams and studies in the 
time-domain following pulsed dye-laser excitation where 
they are directly accessible on optical excitation [ 1-4]. By 
contrast, whilst the collisional behaviour of the low lying 
optically metastable states of atomic barium, namely, 
Ba[6s5d(3Di.2.3) ] ( 1.120, 1.143 and 1.190 eV, respectively 
[5] and Ba[6s5d(~D2) ] ( 1.413 eV [5] ) are of considerable 
interest both in the single-collision condition and the time- 
domain [ 1-4],  the former is ce'~.inly not readily accessible 
on laser excitation. These states have normally been popu- 
lated by a range of  radiative and collisional processes follow- 
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ing initial laser excitation via more strongly allowed 
transitions to a higher lying state such as Ba[6s6p(~Pm)] 
(%=8.37_+0.38 ns [6,7] ) or Ba[6s6p(aP~) ] 
( % = 1.2 _+0.1 ps  [8-10]  ) as described in Part I [ I 1 ] in the 
presence of He. In this paper, we present a kinetic investi- 
gation of Ba[6s5d(3Dj)] ,  1.151 eV above the 6s2(tSo) 

ground state in the presence of krypton following the initial 
pulsed dye-laser excitation of atomic barium vapour at 
elevated temperature at A=553.5  nm {Ba[6s6p(~P~)] 
Ba[6s2(ISo)] }. The kinetic behaviour of Ba(3Dj) in the 
presence of krypton has not been reported hitherto by any 
method previously to best of our knowledge. Ba(3Dj) has 
been monitored here by the spectroscopic marker transitions 
at A = 7 9 1 . 1 n m  { B a [ 6 s 6 p ( 3 P l ) ] ~ B a [ 6 s 2 ( I S o ) ] }  and 
A = 553.5 nm {Ba[ 6s6p( IP! ) ] ~ Ba[ 6s2(ISo) ] }, the former 
from collisional excitation with the buffer gas and Ba(6~So) 
and the latter from energy pooling accompanying 
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Ba(aDj) + Ba(3Dj) self-annihilation. A detail kinetic inves- 
tigation is presented and employed to describe quantitatively 
the collisional and diffusional processes undergone by 
Ba(3Dj) in Kr which are compared with various measure- 
ments for the Ba(aDj)-He system reported previously. Col- 
lisional quenching rate data, particularly by Ba itself has been 
characterised in various investigations [11-14]. Laser- 
induced fluorescence measurements on Ba(3Dj) at 
A=611.3 nm (Ba[Sd6p(3P2)],--Ba[6sSd(3Dl)]} have 
been employed in order to study the diffusion of 
Ba[6s5d(3Dj) ] in noble gases [ 15] but not, in fact, in Kr, 
which is included in the present study. The present manuscript 
describes the general approach for obtaining kinetic data 
using these spectroscopic marker techniques. 

2. Experimental details 

The general experimental arrangement for time-resolved 
monitoring of Ba(aDj) in the long time-domain at 
A=791.1 nm {Ba[6s6p(api)] ~Ba[6s2(ISo)]  } and 
A=553.5nm {Ba[6s6p(IPi)]--*Ba[6s2(~So)]} has been 
described previously in Part I [ 11 ]. Briefly, Ba[6s6p(~P~) ] 
was generated from the pulsed dye-laser excitation of barium 
vapour [ 16] in the presence of krypton gas at A = 553.55 nm 
[Ba[6s6p(IPl) ] ~ Ba[6s2(ISo) ] }. Two monochromator- 
photomultiplier systems were employed for optical isolation 
and photoelectric detection of the two atomic emissions 
employed using small high throughput monochromators. The 
first, employed for the transition at A - 553.5 nm, involved a 
photomultiplier tube with an $20 response (E.M.I., 9797B) 
whose gain (G) can sensibly be fitted to the form ln(G/arb. 
units) = 8.7 in(V/V) - 54.4 [ 17]. The second employed the 
new infrared sensitive photomultiplier tube (Hamamatsu 
R632-S I response) that we have described previously [ i 8 ] 
with a sensitivity range of ca. 400-1200 nm and which was 
used for the measurements at A = 791. ! nm. The gain G of 
this tube can sensibly be described by the form 
in G = 8.48 In(V/V) - 4 7 . 2 8  constructed from the commer- 
cial gain characteristic. The wavelength response of these 
two monochromator-photomultiplier systems were cali- 
brated against a quartz-halogen lamp which had previously 
been calibrated against a spectral radiometer [ 1 i ]. The forms 
of the decay profiles themselves are, of course, independent 
of these calibrations. 

As we have stressed hitherto [ 11 ], direct emission meas- 
urements at A = 1106.9 nm Ba[ [6s5d(3D~) --, Ba[6s"(~So) ] 
were not feasible on account of the low sensitivity of the 
R632-S 1 tube in this region, coupled with the relatively low 
value of Anm for Ba(3Dp), and hence the spectroscopic marker 
methods were employed. Whilst emission from Ba(~D2) at 
A = 877.4 nm{ Ba[6s5d(ID2) ] --, Ba[6s2(ISo) ] which is an 
analogous spectroscopic marker method to that at 
A-- 791.1 nm may also monitored using an interference filter 
in order to improve light collection [ 11 ], the emission at 
a = 791.1 nm is much stronger and permits the use of the p.m. 

tube (Hamamatsu R632)-monochromator combination with 
the maximum overall response (A = ca. 700 n m [  11 ] ) close 
to this shorter wavelength transition. Hence the 3p~ state 
resulting from collisional excitation is employed as the 
marker for Ba(3Dj) for improved quality in the signals. 
Decay profiles were captured with a double-channel transient 
digitiser interfaced to a computer. The materials (Ba (Aldrich 
Chemicals), Kr (B.O.C. Special Gases) ) and other materials 
used in the laser system were employed essentially as 
described previously in related studies [ 11 ]. 

3. Results and discussion 

Fig. ! gives examples of the computerised fitting of the 
digitised output in the long-time domain indicating the first- 
order decay of the time-resolved atomic emission at 
A = 791. l nm (Ba [ 6s6p(apl) ] --* Ba[ 6s 2(iSo) ] ) following 
the excitation of ground state atomic barium at A = 553.5 nm 
{ B a [ 6s6p ( J P~ ) ] ~- Ba [ 6s 2 ( ~ So) ] } for various elevated tem- 
peratures, and hence different concentrations of 
Ba[6s2(~So) ] in the presence of excess krypton. This rela- 
tively strong emission from the 3p~ state 
{ %[Ba6s6p(3pm) ] = 1.2 +_0.1/~s [8-10] } in the 'short-time 
regime' has been considered previously [ 11 ]. In the long- 
time regime, it arises from excitation on energy transfer from 
the processes of the type ( 1 ): 

Ba[6s5d(3D,) ] + Ba,Kr-,  Ba[6s6p(3Pj) ] 

+ Ba[6s2(~So) ],Kr AE= + 3525 cm-* ( l )  

At these relatively long times, equilibrium within the spin- 
orbit components of Ba(3Dj.2.3) has been established by col- 

°:t N ............... 
Oo-- , o .  -.oo 

Time/ItS Timelps  

• ! 
o . . . . . . . . . .  ~ . . . .  oo-- - i - d - 0 - - ~ , ~ d ~ - - - / d ~  

Time/ps  Time/I ts  
Fig. !. Examples of the computerised fitting of the digitised output indicating 
the first-order decay of the time-resolved atomic emission at A = 79 l. ! nm 
{Ba[6s6p(~Pm) ] --, Ba[6s2(*So) l } following the pulsed dye-laser excita- 
tion of barium atoms at a = 553.5 nm { Ba[6s6p( ~PI ) ] ~ Ba[6s2(*So) ] } in 
the presence of krypton buffer gas at different temperatures. PK~ = 30 Torr. 
T/K: (a) 850 (b) 880 (c) 900 (d) 930 
[Ba]/10~3 atomscm-3: (a) 1.7 (b) 3.8 (c) 6.1 (d) 12.3 
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lisions with the equilibrium density of Ba(]So) [ 16] at this 
temperature and Ba(3Dj) can be considered as a single state. 

The first-order decay profiles given in Fig. 1 for the emis- 
sion at A=791 .1nm {Ba[6s6p(3P~)]---*Ba[6s2(ISo)]} 
indicate exponential decay of the precursor state. It has been 
shown for the Ba-He system [ 11 ] system that this emission 
acts as a spectroscopic marker for Ba[ 6s5d(3Dj) ] given that 
Ba(63P~) results from collisional excitation of this precursor 
state which follows the exponential decay: 

Ba[6sSd(3Ds) ]t = Ba[ 6s5d(3DJ) ]t=o exp( - k't) (i) 

The first-order decay coefficient for Ba(3D,) can thus be 
written as 

k' = k'..m + ~ /P~  + Eko[Q] (ii) 

where k ' ~  will be dominated by electric dipole-allowed 
emission from Ba[ 6s5d (3D!) ] to Ba[6s2(~So) ] in (j,j) cou- 
pling. Rapid Boltzmann equilibration between the 3Dj levels 
will be established in the present system in the long-time 
regime [ 19] where we may describe the equilibrium con- 
stants connecting these as 3Dt,-~-~3D 2 ( A s = 1 8 2 c m  -t 
[5,19]) Kl, and 3D2~3D 3 (Ae=381  cm - i  [5,19]) K2. 
Assuming emission from this state is then dominated by the 
electric dipole-allowed transition 3D t ---> tS o (Anm),  w e  may 
readily show that k'~m is given by 

k'~== A m /  ( 1 + K~ + KtK2) (iii) 

where F= ( 1 + K~ + KtK2) may be readily calculated by sta- 
tistical thermodynamics. 

F takes the value of 3.05 at T= 800 K and 3.32 at T= 
1000 K, reaching a limiting value of 5 at infinite temperature 
where it is solely determined by the statistical weights within 
Ba(3Dj). Decay profiles with various concentrations of Kr at 
a single temperature were typically carried out at T= 900 K 
where F =  3.19. One can immediately see that for measure- 
ments across a range of temperature, say 800-1000 K, in 
order to generate a significant variation in the equilibrium 
density of Ba[6s2(tSo) ], the variation in F is not large and 
an average value of F at 900 K can be used without serious 
loss in accuracy. Anm [ =  I/{r~(3D~)=502 #s}] has been 
characterised recently [ 20] as 1.99 × 103 S - t .  The term in 
~ l p ~  describes diffusional loss, which is considered later in 
more quantitative terms, and Y'ko[Q], collisionai losses of 
Ba(3Dj), including excitation to higher states. The emission 
intensity for states arising from the collisional excitation from 
Ba(3Dj) by Ba( Is o) and Kr will then take the form: 

Im(791.1 n m ) =  

GS ~ k ~ [  Kr,Ba] Ba[6s5d(3Dj) ],_-o e x p ( - k ' t )  (iv) 

where EkE [ Kr,Ba] represent overall rate coefficients for col- 
lisional excitation of Ba(3Dj) to Ba(3pj) in processes ( 1 ). 
G is the gain of the appropriate photomultiplier at the voltage 
employed and S is the sensitivity of the optical system. All 
emission intensities can, of course, be normalised to a com- 
mon relative scale. 
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Fig. 2. Examples of the computerised fitting of the digitised output indicating 
the first-order decay of the time-resolved atomic emission at A = 553.5 nm 
{ Ba[6s6p( tp~ ) ] ~ Ba[6s2(~So) ] ) following the pulsed dye-laser excita- 
tion of barium atoms at the resonance transition {A=553.5 nm, 
Bal6s6p( ~P~ )] *--Ba[6s2(~So) ] } in the presence of krypton buffer gas at 
different temperatures, pt~ = 30 Ton'. 
T/K: (a) 850 (b) 880 (c) 900 (d) 930 
[Bal/10~3atomscm-3: (a) 1.7 (b) 3.8 (c) 6.1 (d) 12.3 

Fig. 2 gives examples of first-order decay profiles in the 
long-time domain for the atomic emission at A = 553.5 nm 
{Ba[6s6p( IP I ) ] ~ Ba[6s2( Is o) ] } following the resonance 
excitation of ground state atomic barium at different temper- 
atures in the presence of krypton. Ba[ 6s6p( ~P! ) ] arises from 
the energy pooling process [ 5,11 ]: 

Ba[6s5d(3Dj) ] + Ba[ 6s5d(3Dj) ] ~ Ba[6s6p( IPi ) ] 

+Ba[6s2(ISo)i  A E = + 6 5 4 c m  -~ (2) 

The increase in the first-order decay coefficients with tem- 
perature reflects the increasing role of collisional quenching 
of Ba(3Dj) by Ba(]So) itself whose density was varied in 
these studies from 1.7 × 10 ~3 atoms cm -3 (850 K) to 
12.3 × 10 t3 atoms cm-3 (930 K) [ 16]. By contrast with the 
emission intensity at A=791.1 nm, that at A=553.5nm 
{ Ba[6s6p( IP t) ] -* Ba[6s2(ISo) ] } in the long-time regime 
following initial excitation at A = 553.5 nm and arising from 
energy pooling between Ba[6s5d(3Dj) ] + Ba[6s5d(aDj) ] 
[ I 1,21 ] (process ( l ) ), and characterised here by a rate con- 
stant simply written as kEp., occurs on a shorter time-scale. 
Thus, the intensity of the emission at A = 553.5 nm arising 
from this energy pooling will follow the form: 

Icm(553.5 n m ) =  

GSk~ p Ba[6s5d(3Dj) ]2= 0 exp( - 2k't) (v) 

where G and S take the appropriate values for the conditions 
of p.m. voltage and the wavelength employed in this case. 

Fig. 3 shows the variation of the first-order rate coefficients 
for the decay profiles at A=791.1 nm and A=553.5 nm 
derived from plots of the type given in Figs. 1 and 2 against 
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Fig. 3. variation of the first-order rate coefficients, k', derived from the 
atomic emission profiles at (a) A=791.1nm {Ba[6s6p(3P,)] --, 
Ba[6s2(tSo)] } and (b) A=553.5 nm {Ba[6s6p(IP,)] --*Ba[6s2(ISo)] } 
following the pulsed dye-laser excitation of barium atoms at A = 553.5 nm 
{Ba[6s6p('Pt)] ~Ba[0s2(tSo)] I in the presence of krypton buffer gas 
(Pxt =' 30 Ton) at different concentrations of atomic barium via the use of 
different temperatures. 
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Fig. 4. Comparison of the first-order rate coefficients, k', derived from the 
emission intensity profiles for the decays at a=553.5nm 
(Ba[6s6p(IPl)l ~Ba[6s2('So)]] and A=791.1 nm {Ba[6s6p(~Pl)] 
Bal6s2(tSo) ] } following the pulsed dye-laser excitation of barium atoms 
at A = 553.5 nm [ Ba[6s6p( 'Pro ) ] *- Bal6s2('So) I I in the presence of kryp- 
ton buffer gas (p~ = 30 Torr) at different concentrations of atomic barium 
via the use of different temperatures (840--920 K). 

the concentration of atomic barium. The slopes of these plots 
yield total quenching rate constants for the removal of 
Ba(3Dj) by Ba(tSo), the former k(Ba3D~+Ba)= 
5.2 X 10- t t cm 3 atom- t s -  t at the average temperature of 
T= 890 K over which measurements were made, and the 
latter 2k(Ba3Dj+ Ba) =9.5 × 10-, t  cm 3 atom- t s - '  (T= 
890 K) from which we may take the average value of 
k(Ba3Da+Ba) = ( 5 . 0 + 0 . 3 )  x 10 - t '  cm 3 a tom- '  s - '  

(T=  890 K). This may be compared with the estimate we 
have recently reported of k(BaSDs+Ba, T=9OOK) 
-- 2 X 10- ~' cm s atoms- ! s -  ' from measurements of the 
type presented in Figs. ! and 2 [ ! 1 ] with He as the buffer 
gas and other values, adjusted by the present authors [ I 1 ] 
using recent measurements of the vapour pressure of Ba, 
namely, (k (BaSDj+Ba) /cm 3 atom -~ s-~: (T-~730K),  
1.3X10 - t °  [11,12]; (900-1150K),  3 . 9 x 1 0  - t t  [11,13]; 
(T=850  K), 5.1 x 10- , i  [ 11,14]). The data in Fig. 3(a) 
and (b) may also be used to compare the first-order rate 
coefficients for the decay of Ba(lP l), k ' ( IP  i) at 
A=553.5 nm with that of Ba(3pj), k'(3Pj) at A =791.1 nm 
taken under identical conditions and demonstrating a large 

variation in the decay coefficients resulting from the density 
of Ba(tSo). This is shown in Fig. 4 whose slope is found to 
be 2 .0+0.2 in accord with Eqs. (iv) and (v).  

Fig. 5 gives examples of the digitised output for the decay 
of the time-resolved atomic emission at A=791.1 nm 
{Ba[6s6p(3pl) ] ~Ba[6s2(ISo)  ] } and A=553.5 nm 
{ Ba[6s6p( I P l) ] --, Bat 6s2( i So) ] } in the presence of kryp- 
ton at different pressures at a fixed temperature ( T =  900 K) 
with the associated first-order decay profiles given in Fig. 6. 
The resulting variation of the first-order rate coefficients, 
k ' (A=791.1 am) and k'(553.5 am) with PK~ are shown in 
Fig. 7. With such measurements, it is necessary to consider 
spontaneous emission from Ba(3D~), diffusional loss and 
collisional removal of Ba(3Dj) by Kr simultaneously. Given 
rapid Boltzmann equilibration between the 3Dj levels [ 19], 
emission from this state is described by the electric dipole- 
allowed transition 3D t ~ IS o (Anm) and Eq. (iii). At low 
pressure, diffusional loss is dominant; at pressures above ca. 
10 Torr, diffusional and collisional loss by Kr are in close 
balance. Thus, we may write 

k'(791.1 n m ) = A m ( 3 D l ) / F + C ] / p ~ + k n a [ B a ]  +kr~pva 

(vi) 

and 

k'(553.5 nm) = 

2A.m( 3D, ) / F + 2[3/p~ + 2kna[ Ba ] + 2k~  p ~  (vii) 

where the rate constants for removal of Ba(3Dj) by Ba (ks...) 
and Kr (kKr) are implicitly presented in a different system of 
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Fig. 5. Examples of the digitised outpul showing the decay of the time- 
resolved atomic emission at (a) A=553.5nm {Ba[6s6p('P~)]~ 
Ba[6s2(ISo)]} and (b) A=791.1 nm {Ba[6s6p(3Pl)]-~Ba[6s2(tSo)]l 
and following the pulsed dye-laser excitation of barium atoms at 
A - 553.5 nm, Bal 6s6p( t p t ) ] ,_ Ba[ 6s 2 (ISo) ] } in the presence of krypton 
buffer gas at different pressure ( T-- 900 K). 
A=553.5 am: p~/Torr: (ai) 3.0 (a2) 30 
A=791.l nm: pK,/Torr: (bl) 3.0 (b2) 30 
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units on account of  the diffusional loss of  Ba(3Dj)  being 
inversely proportional to pressme. The data in Fig. 7 ( a )  and 
(b)  are recast in the forms 

{ k' (791.1 nm) - A.m ( ~D s ) / F -  kn~ [ Ba ] }Pr~ = 

/ ~ + k m p  2 (viii)  

and 

{ k' (553.5 nm)  - 2A.m(3D~ ) / F -  2kay[ Ba]  }p~  = 

2/~ + 2kr~ p 2  ( ix)  

respectively. Hence  we may  plot the data  for Fig. 7 ( a )  and 
(b)  in the forms o f  Eqs. (viii)  and ( ix)  and plot 
{k'(791.1 nm) - A . m ( a D ~ ) / F - k a . . . [ B a ]  }[Kr]  versus 
[Ira-] 2 (Fig.  8 ( a ) )  and {k '(553.5 nm)  - 2 A n m ( a D t ) /  
F - 2 k a a [ B a ]  }[Kr]  versus [Kr]  2 (Fig. 8 ( b ) )  in order to 

] : k  *'" • :b.. '-' 

-o  2oo ~oo - -o  aoo Boo 

T i m e / p s  T i m e / p s  

o Imo 4oo ooo ooolooo 

T i m e / p s  T i m e / g s  

Fig. 6. Examples of the compnterised fitting of the digitised output indicating 
the first-order decay of the time-resolved atomic emission at (a) 
A=553.5 nm {Bal6s6p(~P,)i ~Bal6s:(~So)l } and (b) A=791.1 nm 
{Bal6s6p(~P~ ) l ~ Ba[6s~(~So) l } and following the pulsed dye-laser exci- 
tation of barium atoms at A = 553.5 nm Ba[6s6p( 'P~ ) ] ' -  Ba[6s2('So) ] } in 
the presence of krypton buffer gas at different pressure (T= 900 K). 
A=553.5 nm: pK, ITorr: (al) 3.0 (a2) 30 
A=791.1 nm: pw/Torr: (bi) 3.0 (b2) 30 
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Fig. 7. Variation of the first-erder rate coefficients, k' derived fromthe atomic 
emission intensity profiles in the long-time domain at (a) A=791.1 nm 
{ Ba[6s6p(3Pl) ] ~ Ba[6s2(ISo) ] } and (b) A = 553.5 nm{ Ba[6s6p( ~Pl ) ] 
-~ Ba[6s2('So) ] } following the pulsed dye-laser excitation ofbariumatoms 
at A ~553.5 nm {Bal6s6p(~P~)] ~ Ba[6s2(~So) ] } at T=900 Kinthepres- 
ence of varying krypton buffer gas pressure. 
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Fig. 8. Variation of the first-order rate coefficients, k' derived from the atomic 
emission intensity profiles in the long-time domain at (a) A=791.1 nm 
{Ba[6s6p(3pl) l ~ Ba[6s2(ISo) l I and (b) A =553.5 nm { Ba[6s6p( IPi ) ] 

B a[ 6s2(~So) } following the pulsed dye-laser excitation of barium atoms 
at A = 553.5 nm{ Ba[6s6p(~Pi) ] ~ Ba[6s2(ISo) ] ] at T= 900 K in the pres- 
ence of varying krypton buffer gaf pressure (F= ! +K~+K~K2). (a) 
A=791.1 nm: {k'-A,mlF-kaa[Ba]}[Kr] vs. [Kr] 2. (b) A=553.5 nm: 
[k'-2Am/F-2kaa[Bal }[Kr] vs. [Kr]'-. 

obtain a value for kr~. Fig. 8 ( a )  yields kr~ = 7.6 × 10-16 cm 3 
a t o m s -  l s -  l and Fig. 8 ( b ) ,  kgr = 1.2 × 10-15 cm 3 

a toms-~  s - ~ from which we report an average value of  
k r~=(1 .0_+0 .3 )  X 1 0 - 1 5 c m  3 atoms - !  s -~ ( 9 0 0 K ) .  The 
result for kr~ has not been reported hitherto. It may  be com- 
pared with the result for ko.m = 1 x 10-  ~s cm 3 a t o m -  ~ s -  
reported by Whitkop and Wiesenfeid [ 12] and an estimate 
of  < 1.6 x 10-  ~5 cm 3 a t o m -  ~ s -  ~ derived f rom detailed bal- 
ance from data for the rate constant for the reverse process of  
collisional excitation to Ba(ap j )  ( < 6.6 × 10-13 cm 3 
a t o m -  ~ s -  ~) reported by Kallenbach and Koch [22,23] .  
Whilst  collisional quenching of  Ba(3Dj)  by Kr appears to be 
marginal ly more efficient than He, the result still appears to 
indicate that the main route for collisional loss of  Ba(3Dj)  
by Kr is excitation to Ba (ap j )  and not quenching to the 
ground state with the large accompanying transfer of  elec- 

tronic energy to translation. 
Eqs. (viii)  and ( ix)  may  further be recast in the forms: 

[ k' (791.1 nm) - A,m ( 3D! ) / F -  kna [ Ba] } / p ~  = 

f l / p 2 + k g  r (x)  

and 
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Fig. 9. Variation of the first-order rate coefficients, k' derived from the atomic 
emission intensity profiles at (a) A---791.1nm {Bal6s6p(3pa)l ~ 
Ba[6sz(ISo)l } (b) A=553.5 nm IBa[6s6p(ipl)l ~Ba[6s2(ISo))} fol- 
lowing the pulsed dye-laser excitation of barium atoms at A = 553.5 nm 
{Bal6s6p(aPt) l ¢" Ba[6s2(ISo) ] } at T--900 K in the presence of varying 
krypton buffer gas pressure presented in the forms (F= I+K, +K, K2): 
(a) { k ' ( 7 9 1 . 1 ) - A ~ / F - k m l B a l } / p r , ,  vs. l /p  2 (b) {k'(553.5)- 
2 A ~ /  F -  2km[Ba] } /pg, vs. l /p~,,. 

{ [k' (553.5 nm) - 2Anm(3DI  ) / F -  2ken[ Ba] }/Pr~ = 

2/3/p2 + 2kg, (xi) 

which are presented in Fig. 9 for the low pressure region 
where diffusional loss is dominant. The resulting values yield 
~l -4800Torrs  -I  (Fig. 9(a))  and ~l=6750Torrs -I 
(Fig. 9(b))  from which we take the average value of 
5800 Ton s-  ~ (900 K). A high accuracy cannot be placed 
on this value as it results from abstracting from the measured 
values of k' the large first-order contributions of collisional 
quenching of Ba(3D:) by Kr and, especially, Ba and the effect 
of spontaneous emission. The forms in the plots in Fig. 9 is 
in approximate accord with Eq. (x) Eq. (xi). The value of/3 
may be combined with the long-time solution of a diffusion 
equation of a cylinder [24,25] ( ~ =  [,a'2/12+ 5.81/r2]D~2) 
using the dimension of the laser beam of diameter ca. 0.5- 
0.7 cm. Using the standard T Ls dependence for D~2 from gas 
kinetic theory, this yields D~2(s.t.p.,Kr) =0.18 cm 2 s-  
Walker etal .  [ 15] have carried out a systematic study of 
diffusion of Ba(3D:) in noble gases, unfortunately, excluding 
Kr, obtained from laser-induced fluorescence measurements 
at A=611.3 nm (Ba[5d6p(3p2)] ~Ba[6s5d(3D~)] } fol- 
lowing initial laser excitation at A = 553.5 rim. These authors 
[ 151 report also values of Di2(s.t.p.) for Ba(3DI) in He, Ne, 
Ar and Xe of 0.560, 0.201, 0.143 and 0.084 cm 2 s -  !, respec- 

50 
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..,t~ "leo 
p~ /Tor r  

J~ 
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°V \ 

PKrlTorr 
Fig. 10. Variation of the integrated atomic emission intensities at (a) 
A--791.1 nm {Ba[6s6p(3pl)l--*Ba[6s2(ISo)l} and (b) A--553.5 nm 
{ Ba[6s6p(apt) l "-+ Ba[6s2(aSo) ] } following the pulsed dye-laser excita- 
tion of barium atoms at A -- 553.5 nm{ Ba[6s6p( 'Pt)  l "-- Ba[6s2(tSo) ] } at 
T--900 K in the presence of varying pressure of krypton buffer gas. (a) 
179Li vs. Pgr; (b) 1553. 5 vs. Pi¢~. 

tively. The present result for D~2(s.t.p.,Kr), critically depend- 
ent on the geometries employed for laser excitation and light 
collection, is in approximate accord with the values reported 
by Walker et al. [ ! 5 ] using their laser induced fluorescence 
measurements on Ba[ 6s5d(3D)-Sd6p(3p) ] following mod- 
ulated excitation at A = 553.5 rim. 

Fig. 10(a) shows the variation of the normalised integrated 
atomic emission intensities for emission from the state result- 
ing from bimolecular collisional excitation involving 
Ba(3Dj) + Kr, 179~.l, with the pressure of Kr and Fig. 10(b), 
that from the energy pooled state resulting from 
Ba(3Dj) +Ba(3Dj),/553.5, with the krypton pressure. They 
show fundamentally different forms. The monotonic form of 
Fig. lO(a) demonstrate the effect of pressure broadening in 
the initial excitation at A = 553.5 nm. At 900 K, the Doppler 
width which dominates the line profile may be calculated as 
1.01 × 10 -3  n m  whereas the laser width is 3.06X 10 - 3  n m  

and hence pressure broadening affects the initial yield of 
Ba(mP~). Further, the pressure of krypton does affect colli- 
sional transfer from Ba( ~Pl ) to Ba(3p2) and then to Ba(3Dj) 
(see earlier). Fig. lO(b) for the energy pooled state, 
Ba(IPl),  is much more sensitive to the yield of Ba(3Dj) 
following initial excitation to Ba( ~P~ ) as the emission inten- 
sity from this state in the long-time regime is proportional to 
[ Ba(3Dj) ] 2. The maximum in Fig. 10(b) is considered to 
reflect the role of quenching of Ba(3Dj) by Kr at higher 
pressure with a lower yield of Ba(3Dj) available for energy 
pooling the to the ~Pt state. 
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